a DNA templates containing 5-hydroxymethyluracil or 5-hydroxymethylcytosine were used in an in vitro transcription assay with RNA polymerase from Escherichia coli. A strong enhancement of transcription was observed from DNA containing the Pveg promoter whereas a decrease was observed from DNA containing the rrnB P1
DNA templates containing 5-hydroxymethyluracil or 5-hydroxymethylcytosine were used in an in vitro transcription assay with RNA polymerase from Escherichia coli. A strong enhancement of transcription was observed from DNA containing the Pveg promoter whereas a decrease was observed from DNA containing the rrnB P1
promoter, suggesting that they may act as epigenetic marks.
Modifications of DNA by epigenetic bases (i.e. 5-methylcytosine, 5mC) play critical roles in the regulation of gene expression both in eukaryotes and prokaryotes and their dysregulation may lead to diseases. 8 where its level appears to be cell type-specific. 9 The level of 5-hydroxymethyl-2 0 -deoxyuridine in blood DNA was investigated as a marker for breast cancer. 10 It is being hotly debated whether these modifications function as regulators of gene expression or whether they are just intermediates in active demethylation of DNA or products of oxidative damage. While the role of 5hmC in regulation of transcription has been demonstrated, 11 the role of 5hmU remains unclear. 12 The 5hmU base can be generated by oxidation/hydroxylation of thymine by the Ten-Eleven-Translocation (TET) proteins 13 or result from deamination of 5hmC. 14 The DNA containing 5hmU was reported to be more flexible and hydrophilic. 15 The Schultz lab has evolved 16 a bacterium which replaced T with 5hmU in the genome showing that this base in principle is compatible with replication and transcription, as has been also previously reported by Herala and Vilpo from biochemical experiments. 17 In order to shed light on the possible regulatory role of 5hmU, we performed an in vitro transcription study on modified DNA templates (containing 5hmU, 5hmC, 5mC or U) with Escherichia coli RNA polymerase (RNAP). The assay was previously developed for the systematic study of the effects of non-natural DNA modifications in the major groove on prokaryotic transcription. 18 Here we used four templates with different promoters (Fig. 1 ) but the same transcribed region. The first two promoters were Pveg and rrnB P1, respectively, both from Bacillus subtilis and both well-recognized by the E. coli RNAP holoenzyme containing the primary sigma factor, s
70
. 19 The other two promoters were reciprocal chimeras made from the two former promoters to identify regions within the promoters where the modifications affected transcription the most. We started by studying transcription on the four fully modified DNA templates, where all T or C bases were replaced with the epigenetic bases (Fig. 1) . The templates were prepared by PCR using d5hmUTP 20 or commercial d5hmCTP, 21 d5mCTP or dUTP (see Fig. S1 -S4 in the ESI †). An initial challenge was how to quantify the relative concentrations of the modified DNA templates since the modified bases may influence the extinction coefficient (NanoDrop) or the intercalation or fluorescence of DNA dyes (DNA gel staining). Since the use of 5 0 -FAM-labeled primers 18 and fluorescence quantification of PCR products gave results of limited reproducibility, we prepared radioactively labelled DNA templates (using 32 P-labelled primers for PCR) and found that the concentrations measured by radioactivity did not correlate with those measured on the NanoDrop but they correlated reasonably well (AE10-15%) with the relative DNA amounts obtained from the fluorescence intensity of the DNA spots on gels stained by GelRed. These two methods were then used for determination of the relative concentrations of the DNA templates.
The first in vitro transcription experiments with the fully modified templates with the Pveg promoter surprisingly showed that the presence of 5hmU or 5hmC enhanced transcription by a factor of 3.5 or 2.3, respectively, whereas the template containing 5mC was transcribed with similar efficiency as the natural DNA (Fig. 1) . On the other hand, and in accordance with our previous observations, 18 the presence of U in the template significantly decreased transcription. It should be noted that in these experiments, the level of the 5hmU template was usually lower than the levels of the other templates due to technical problems with the 5hmU-DNA template preparation (lower efficiency of the PCR using d5hmUTP). To exclude the possibility that normalization to the relatively low level of the 5hmU DNA could have overrated the apparent stimulation, we performed transcription experiments with U and 5hmU DNA where we used equal amounts of DNA templates based on their prior quantitation from DNA gels. The results of this experiment (Fig. S35 , ESI †) were in accordance with the observation in Fig. 1 confirming the significant enhancement of transcription with hmU-modified DNA. When using modified DNA templates containing the rrnB P1 promoter, the presence of any modified base decreased transcription significantly. With model hybrid sequences containing part of Pveg and part of rrnB P1, we observed transcription at about the same or just slightly decreased level compared to natural DNA templates for 5hmU, 5hmC and 5mC, implying that both parts of the promoter might be required for the observed effects (Fig. 1) . In order to identify which parts of the template are responsible for the unexpected enhancement of transcription, we prepared and systematically tested a series of partially modified templates containing the Pveg promoter (Fig. 2) . For the schemes of synthesis of the partially modified templates by a combination of PCR, primer extension and ligations, see the ESI, † Fig. S5-S9 . Templates modified in the gene region (with unmodified promoter) showed slightly decreased transcription but the effect was not very strong and appeared to be nonspecific (A). On the other hand, templates modified in both strands of the promoter region displayed similar trends as the fully modified templates (significant enhancement of transcription for 5hmU and moderate enhancement for 5hmC templates, B). Transcription of templates modified in the template strand of the promoter showed an increase for U, a slight enhancement for 5hmU, and an even more pronounced enhancement for 5hmC (C). Transcription of the template modified in the non-template strand of the promoter (D) showed strong inhibition for U as previously predicted, 18 a significant enhancement for 5hmU and a less significant enhancement for 5hmC. This clearly demonstrates that in the case of 5hmU it is the non-template strand of the promoter that is critically important for the regulation of transcription by this epigenetic mark. Further detailed structural and functional studies will be needed to understand the mechanism of the transcription enhancement and inhibition. To conclude, we have shown here that both 5hmC and 5hmU affect transcription by bacterial RNAP depending on the promoter sequence. For the first time, we directly observed strong enhancement of transcription of templates containing 5hmU or 5hmC in an in vitro enzymatic assay. In the case of 5hmU, both the enhancement and inhibition are mediated predominantly by interactions of the promoter nontemplate strand with RNAP. We note that while we used for our studies a well-characterized promoter (Pveg), other promoters may exist in the genome where random modifications of even single bases may have even more pronounced effects on transcription. Taken together, this illustrates the strong potential of 5hmU to alter gene expression. Therefore, we speculate that the presence of 5hmU in regulatory DNA sequences in the bacterial cell may Fig. 2) shows quantitation from at least three independent experiments. K+ was set to be 100%. The error bars are AESD.
contribute to diversification of the population, enhancing its chances of survival. As 5hmU occurs in bacteriophage DNA 4, 5 where it was described to facilitate binding of some transcription factors, 22 it also may give it an advantage in transcription over the bacterial DNA. Notwithstanding these speculations, artificial modification of DNA templates by 5hmU may in principle serve for chemical regulation of transcription (chemical epigenetics) or even for the development of chemical switches. 20, 23 Studies along these lines, as well as investigation of the effects of these epigenetic bases on eukaryotic transcription, are under way. This work was supported by the Czech Academy of Sciences (Praemium Academiae award to M. H.), and by the Czech Science Foundation (17-03419S to M. J., Z. V., S. B., L. K. and M. H.). Part of the project was supported by the C4Sys infrastructure.
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